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Abstract 
In the present study, a detailed evaluation of wear and corrosion resistance properties of laser surface alloyed of AISI 304 
stainless steel with WC+Ni+NiCr (in the ratio of 70:15:15) has been undertaken. Laser processing has been carried out 
using a 5 kW continuous wave (CW) Nd:YAG laser (at a beam diameter of 3 mm) by surface melting and simultaneous 
deposition of precursor powder mixture in the melt zone (at a flow rate of 10 mg/s) and using Ar shroud at a gas flow rate 
of 5 l/min. Followed by laser processing, a detailed evaluation of fretting wear behavior has been conducted against WC 
surface. Finally, the corrosion property is measured using a potentiodynamic polarization testing unit in a 3.56 wt.% NaCl 
solution. The wear resistance property is significantly improved due to laser surface alloying which is attributed to the 
improvement in surface microhardness to 1350 VHN as compared to 220 VHN of as-received -stainless steel substrate. 
The mechanism of wear is established. The pitting corrosion resistance property is also improved due to the presence of 
Ni and Cr in solution and homogenization of microstructure due to laser processing. 
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1. Introduction 
AISI 304 stainless steel is widely used as structural material due to its superior strength and good corrosion 
resistance [1]. However AISI 304 stainless steel undergoes pitting in Cl- containing environment [1]. 
Furthermore the wear resistance of these steel is reasonably poor due to its low hardness as compared to tool 
steels [1]. Hence, it undergoes wear and erosion when used as a structural material in flowing media or when 
it is in relative motion with harder surface. Wear is essentially surface dependent degradation which may be 
improved with a suitable modification of surface microstructure and/or composition [2]. The techniques 
applied for improving wear and corrosion resistance properties of structural material include hardfacing, 
physical vapor deposition (PVD), chemical vapor deposition (CVD) and electrodeposition techniques [3-7]. 
The coating may be metallic, ceramics or composites. However limited coating thickness and presence of 
weak interfacial strength are the problems associated with coating [2]. A high power laser beam may be used 
as a source of heat to melt the alloying ingredients along with a part of the underlying substrate to form the 
alloyed zone confined to a very narrow depth from the surface and is termed as laser surface alloying [8]. 
Laser surface alloying may be applied to tailor the surface microstructure and composition for improving 
wear and corrosion resistance [8-11]. Laser surface alloying is having a wide scope of application in 
aerospace, automotive and naval sectors [8-11]. Dispersion of ceramic particles into metallic matrix improves 
s wear resistance considerably, however, at the cost of its ductility and toughness [12]. In the past, several 
attempts have been made to develop a ceramic dispersed metal matrix composite surface on stainless steel 
substrate by laser surface alloying [13-16]. Tassin [13] studied the development of Cr2C3 and TiC reinforced 
AISI 316L stainless surface by laser surface alloying using Nd-YAG laser. Addition of Cr2C3 was reported to 
develop M7C3 carbide reinforcements in austenitic matrix. Masanta, et. al.[14] developed a TiB2 TiC Al2O3 
dispersed nano-composite coatings on AISI 304 stainless steel substrate for improving wear resistance. The 
presence of TiC, TiB and Al2O3 dispersoids improved the wear resistance of the AISI 304 stainless steel 
significantly. Agarwal and Dahotre [15] applied laser surface modification to develop a 200 m thick uniform 
and continuous composite coating comprising of TiB2 particles and Fe with a sound interface. WC may be 
used as a hard ceramic for dispersing in metal matrix in order to improve its wear resistance property. 
However, a poor wettability of WC in metallic matrix necessitates the application of binder for improving the 
particle-matrix bond strength. Dispersion of carbide based ceramic particles (WC, Cr2C3 , SiC, TiC) on 
austenitic stainless steel UNS S31603 was reported to improve the cavitation erosion characteristics of the 
surface-modified specimens in 3.56% NaC1 solution at room temperature considerably [11].  Chiang and 
Chen [16] developed a cobalt-based alloy (Stellite12) and WC Co Cr C composite coatings on high carbon 
tool steel SK3 substrate and the effect of laser parameters on the microstructures was studied in details. St-
Georges [17] studied the effect of laser surface cladding of Ni-Cr-WC on the wear resistance of steel substrate 
(AISI 1020, Fe + 0.2C, wt.%). In the past, laser surface alloying of AISI 304 stainless steel with WC, Ni and 
NiCr was reported to develop a defect-free and homogeneous microstructure under optimum processing 
conditions [18]. It was observed that laser parameters played a crucial role in determining the microstructures 
of the alloyed zone. The average microhardness of the alloyed zone was found to be improved to 700-1350 
VHN (with laser parameter) as compared to 220 VHN of as-received -stainless steel. It was observed that 
application of low scan speed developed a graded microstructure with a graded hardness distribution. In the 
present investigation, a detailed study of the wear and corrosion behavior of laser surface alloyed AISI 304 
stainless steel with 50WC+30Ni+20NiCr has been investigated in details. The target application of the present 
study was the coating for marine propeller blade to improve erosion resistance property [19]. 
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2. Experimental 
In the present study, stainless steel samples of dimension: 20 mm x 20 mm x 5 mm were sand blasted (using 
Al2O3 particles of 10-25 m particle size) and subjected to laser surface alloying using a 5 kW fiber optics 
delivery continuous wave (CW) Nd:YAG laser (with a beam diameter of 3 mm) by simultaneous feeding of 
70WC-15Ni-15NiCr in the molten pool (at a powder feed rate of 10 g/s) and using Ar as shrouding 
environment (at a flow rate of 5 l/min). The laser parameters used in the present study were the applied power 
ranging from 1.5 kW to 2 kW and scan speed ranging from 0.008 to 0.030 m/s. Followed by laser surface 
alloying, the microstructures of the coating (both the top surface and the cross section) were characterized by 
Field Emission scanning electron microscopy (SUPRA 40, Zeiss SMT AG, Germany) and high resolution 
transmission electron microscopy (JEM  2100, JEOL, Japan). A detailed analysis of the phase and 
composition was carried out by X-ray diffraction technique (D8 Advances, Bruker AXS, Germany). The 
microhardness of the coated surface (both on the top surface and along the cross sectional plane) was 
measured by a Vickers microhardness tester (UHL-VMHT, Leica) using a 100 gm applied load. ). The 
kinetics of wear was evaluated using fretting wear tester (DUCOM, TR-283M-M4) against WC ball (hardness 
2242 VHN, data from supplier) of 6 mm diameter. The wear tests were carried out with varying normal load 
(5N, 10N) for constant testing duration (30 mints) at constant frequency (10 Hz) and constant stroke length 1 
mm. With the help of Winducom 2006 software the cumulating loss of depth with time was calculated. The 
corrosion behavior of the alloyed surface was compared with that of untreated one by calculating the 
corrosion rate derived from the potentiodynamic polarization study in 3.56 wt.% NaCl solution using standard 
calomel electrode (SCE) as reference electrode and platinum as counter electrode. Polarization was carried 
out from -1500 to 3500 mV (SCE) at a scan rate of 5 mV/s. Tafels plot was constituted from the logarithm of 
the current density value as a function of voltage. Critical potential for pit formation (EPP1) was also evaluated 
from the transition point from the passive to transpassive region of the polarization plot (the potential at which 
there is a sudden rise in current density with a small increase in potential value) and compared with the as-
received substrate.  
3. Results and Discussions 
Figures 1(a,b) show the scanning electron micrographs (FESEM) of the (a) cross section and (b) top surface 
of laser surface alloyed AISI 304 Stainless steel with 50WC-30Ni-20NiCr lased with a power of 1.5 kW and 
scan speed of 0.008 m/s. Figure 1a reveals that there is formation of a continuous and defect free alloyed zone 
consisting of the dispersion of carbides in grain refined matrix. Furthermore, the shape of the alloyed zone in 
Figure 1a confirms the presence of conduction dominated heat flow during processing with the absence of 
signature of heat affected zone. From Figure 1b it is evident that, in the microstructure, there is presence of 
partially dissolved WC in grain refined matrix with precipitates of secondary carbides like M23C6 (M= Cr, Ni, 
Fe and W) (which in confirmed by X-ray diffraction analysis) and the eutectic mixture of austenitic steel (Fe-
Ni-Cr) and M23C6. The different carbides as detected by EDS analysis are labeled in Figure 1b. A detailed 
study of the effect of process parameters on the microstructures have been reported elsewhere [18, 19]. 
Figures 2(a,b) show the X-ray diffraction profiles of the top surface of (a) as-received and (b) laser surface 
alloyed AISI 304 stainless steel with 50WC-30Ni-20NiCr lased with a power of 1.5 kW and scan speed of 
0.008 m/s. From Figure 2 (a) it is evident that the as-received stainless steel consists of only austenitic 
stainless steel. However, the alloyed zone is composed of austenitic stainless steel matrix phases (face 
centered cubic) with the presence of M23C6, WC, W2C carbide phases. The M23C6 (M= Cr, Ni, Cr, W) carbide 
phase is of cubic crystal structure under Fm3m space group. On the other hand, WC and W2C carbides are of 
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hexagonal crystal structures. M23C6 carbides are mainly Cr rich carbide phase. The mass fraction of carbide 
phases was however, found to vary with laser parameters [18]. 
Figure 3 shows the wear behavior of (a) as-received and laser surface alloyed AISI 304 stainless steels 
lased with a (b) 2 kW, 0.030 m/s, (c) 1.50 kW, 0.016 m/s , (d) 1.50 kW, 0.008 m/s and (e) 2.00 kW, 0.008 
m/s, respectively against WC ball at an applied load of 10 N and under fretting motion (at a frequency of 10 
Hz) in terms of cumulative depth of wear with time. From Figure 3 it is evident that there is a significant 
improvement in wear resistance property of laser surface alloyed samples (plots b-e) as compared to as 
received one (plot a). Furthermore, laser parameters also play an important role in determining the degree of 
wear. 
 
 
 
Fig. 1. Scanning electron micrographs (FESEM) of the (a) cross section and (b) top surface of laser surface alloyed AISI 304 
Stainless steel with 50WC-30Ni-20NiCr lased with a power of 1.5 kW and scan speed of 0.008 m/s. 
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Fig. 2. X-ray diffraction profiles of the top surface of (a) as-received and (b) laser surface alloyed AISI 304 stainless steel with 50WC-
30Ni-20NiCr lased with a power of 1.5 kW and scan speed of 0.008 m/s. 
 
A careful observation of different curves in Figure 3 also reveals that the wear kinetics follows two different 
trends, initial rapid rate followed by reaching steady state. In case of as received AISI 304 stainless steel, the 
initial rapid wear rate signifies very high material removal rate due to abrasive action of the mating surfaces. 
The steady state wear is achieved when the interface is filled with worn out debris. In contrast, in laser surface 
alloyed sample the initial wear rate is significantly lower than that of as received sample, which is attributed 
to hardening of surfaces due to laser surface alloying and hence less degree of abrasive and fretting wear. 
Laser parameters play an important role in determining the rate of wear. It is observed that the effect of scan 
speed is more significant in contributing to wear rate as compared to applied power. The wear resistance 
property is improved when the scan speed is reduced which is predominantly due to enhanced hardness of the 
alloyed zone achieved because of the increasing area fraction of WC particles in the microstructure (plot b 
vis-à-vis plot e). Increase in applied power reduces the kinetics of wear at the initial state, however, under 
steady state, increased power does not cause any significant change in steady state wear value. The decreased 
wear rate at high power level is possibly due to the dissociation of WC at high power level and its 
redistribution to homogenize the microstructure and formation of a larger volume fraction of secondary 
carbides [18].  
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Fig. 3.  Wear behavior in terms of cumulative depth of wear with time for (a) as-received and laser surface alloyed AISI 304 stainless 
steels lased with a (b) 2 kW, 0.030 m/s, (c) 1.50 kW, 0.016 m/s , (d) 1.50 kW, 0.008 m/s and (e) 2.00 kW, 0.008 m/s, respectively against 
WC ball at an applied load of 10 N and under fretting motion (at a frequency of 10 Hz). 
 
Figure 4 shows the variation of coefficient of friction with number of cycles for (a) as-received and laser 
surface alloyed AISI 304 stainless steels with (b) a power of 2 kW, scan speed of 0.030 m/s, (c) 1.50 kW, 
0.016 m/s, (d) 1.50 kW, 0.008 m/s, (e) 2.00 kW, 0.008 m/s, respectively against WC ball at an applied load of 
10 N and under fretting motion (at a frequency of 10 Hz) obtained by wear testing. From Figure 4 it may be 
noted that the coefficient of friction is very high initially for both the as-received and laser surface alloyed 
samples which is attributed to a strong adhesive bond formed between mating surfaces.  Followed by initial 
high value the coefficient of friction, the coefficient of friction decreases possibly due to dislodge  of the 
materials from the worn surface and subsequently, covering the interfaces between meeting surfaces. In laser 
surface alloyed sample, the coefficient of friction reaches the steady state value thereafter. However, in AISI 
304 stainless there is further increase in coefficient of friction from 0.5 to 0.55, following which it reaches 
steady state. The hike in coefficient of friction for the second time in as received AISI 304 stainless steel is 
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attributed to damage of the surface and its roughening due to fretting action. From Figure 4 it is also observed 
that coefficient of friction under steady state is significantly lower in laser surface alloyed samples as compare 
that of as received one. The significantly lower coefficient of friction in alloyed surface its attributed to its 
high hardness and presence of carbides which might act lubricant [15]. In this regard, it is also relevant to note 
that increased scan speed reduces the coefficient of friction under steady state which is possibly due to an 
increased hardness at reduced scan speed. On the other hand, increase in power do not contribute significantly 
to the coefficient of friction at steady state.  
 
 
Figure 4 Coefficient of friction with number of cycles for (a) as-received and laser surface alloyed AISI 304 stainless steels with (b) a 
power of 2 kW, scan speed of 0.030 m/s, (c) 1.50 kW, 0.016 m/s, (d) 1.50 kW, 0.008 m/s, (e) 2.00 kW, 0.008 m/s, respectively against 
WC ball at an applied load of 10 N and under fretting motion (at a frequency of 10 Hz). 
 
Figures 5(a,b) show the scanning electron micrographs of the worn out surface of (a) as-received and (b) 
laser surface alloyed AISI 304 stainless steel lased with a power of 2 kW and scan speed of 0.008 m/s (the 
parameters corresponds to a maximum improvement in wear resistance).  
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Fig. 5. Scanning electron micrographs of the worn out surface of (a) as-received and (b) laser surface alloyed AISI 304 stainless steel 
lased with a power of 2 kW and scan speed of 0.008 m/s.  
 
From Figure 5(a) it may be noted that there is the presence of sub-surface cracks and subsequently 
exfoliation of the materials in a discontinuous fashion. Furthermore, there is also the signature of oxidation on 
the surface. The exfoliation of surface layer is attributed to the formation of microgracks due to fretting 
loading at different places in the subsurface region and subsequent adhesive joint formation leading to partial 
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detachment of material from below the surface. On the other hand, the micrograph (FESEM) of the worn out 
track of laser surface alloyed AISI 304 stainless steel (Figure 5b) shows that there is no microcrack formation 
or oxide formation on the worn out surface. However, fragmentation of debris was noticed. Hence, it may be 
concluded that the surface was hard and tough enough to cause any microcrack formation, however, due to 
the action of fretting loading, carbides were fragmented.  
Table 1 summarizes the corrosion parameters of as received and laser surface alloyed AISI 304 stainless 
steels derived from potentiodynamic polarization study in a 3.56 wt.% NaCl solution. From Table 1 it is 
evident that laser composite surfacing shifts the corrosion potential towards the nobler direction. Shifts in 
corrosion potential  towards the nobler direction under favourable condition of lasing its attributed to presence 
of Cr and Ni in solution with AISI 304 Stainless steel and hence, increasing the corrosion resistance 
properties. Application of very low scan speed increases the area fraction of WC in the matrix, results in 
which it may increases the probability of galvanic attack at the interface and hence, makes the matrix is prone 
to corrosion. On the other hand, there is significant reduction of corrosion rate when applying a higher scan 
speed. The comparison of potential for pit formation (Epit1) shows that Epit1 shifts towards nobler direction for 
laser surface alloyed samples and it is more significant when applying a higher scan speed. Hence, it may be 
concluded that the pitting corrosion resistance its improved due to laser surface alloying due to presence of 
more Cr and Ni in solution and microstructural homogenization. Presence of carbides might have detrimental 
influence in corrosion resistance property as corrosion resistance property is increased by reducing carbide 
content in the alloyed zone. A systematic study of the effect of laser parameters on the corrosion behavior 
however shows that a maximum improvement in corrosion resistance is achieved when lased with a power of 
2 kW and scan speed of 0.030 m/s.  
 
Table 1. Summary of corrosion parameters of as-received and laser surface alloyed AISI 304 stainless steel 
derived from potentiodynalmic polarization study in a 3.56 wt.% NaCl solution 
 
  
 
 
 
S.No Laser Power 
(kW) 
Scan 
speed 
(m/s) 
Ecorr 
V(SCE) 
Epit1 
V(SCE) 
Corrosion rate 
1 Base metal -0.937 -0.015 7.8 X 10-3 
2 2.00 0.008 -0.844 -0.003 5.62 X 10-3 
4 2.00 0.030 
 
-0.513 0.032 2.687 X 10-3 
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4. Summary and Conclusions 
In the present study, a detailed evaluation of wear, corrosion and erosion resistance properties of laser surface 
alloyed AISI 304 stainless steel with WC+Ni+NiCr (in the ratio of 70:15:15) has been carried out. The effect 
of laser parameters on the wear and corrosion behaviors has also been investigated in details. From the 
detailed investigations the following conclusions may be drawn: 
(a)  The microstructure of the alloyed zone formed under optimum processing regime consists a defect 
free and homogeneous alloyed zone consisting of dispersion of WC (un-dissolved), partially dissolved (W2C) 
and precipitates (M23C6 ) in austenite matrix. The phases formed are confirmed by XRD analysis.  
(b)  There is a significant improvement in wear resistance property due to laser surface alloying as 
compared to as-received substrate. Laser parameters played an important role in determining the wear rate. 
The optimum laser processing parameters for improved wear resistance property was an applied power of 2 
kW and scan speed of 0.008.  
(c)  The mechanism of wear in as-received sample is the combination of fretting and adhesive, oxidation 
improves the wear rate further. However, due to laser surface alloying, the wear mechanism was 
predominantly fretting.  
(d)  Coefficient of friction was reduced in laser surface alloyed sample as compared to as-received one, 
which was also responsible for improving wear resistance property. 
(e)  Corrosion resistance property was improved due to laser surface alloying and a maximum 
improvement in corrosion resistance property is achieved when lased with a power of 2 kW and scan speed of 
0.030 m/s.  
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